Mammalian ornithine decarboxylase (ODC) is a very unstable protein which is degraded in an ATP-dependent manner by proteasome 26S, after making contact with the regulatory protein antizyme. PEST regions are sequences described as signals for protein degradation. The C-terminal PEST region of mammalian ODC is essential for its degradation by proteasome 26S. Mammalian histidine decarboxylase (HDC) is also a short-lived protein. The full primary sequence of mammalian HDC contains PEST-regions at both the N-and C-termini. Rat ODC and different truncated and full versions of rat HDC were expressed in vitro. In vitro degradation of rat ODC and rat 1±512 HDC were compared. Like ODC, rat 1±512 HDC is degraded mainly by an ATP-dependent mechanism. However, antizyme has no effect on the degradation of 1±512 HDC. The use of the inhibitors MG-132 and lactacystine significantly inhibited the degradation of 1±512 HDC, suggesting that a ubiquitin-dependent, proteasome 26S proteolytic pathway is involved. Results obtained with the different modifications of rat HDC containing all three PEST regions (full version, 1±656 HDC), only the N-terminal PEST region (1±512 HDC), or no PEST region (69±512 HDC), indicate that the N-terminal (1±69) fragment, but not the C-terminal fragment, determines that the HDC protein is a proteasome substrate in vitro.
Histamine is a multifunctional biogenic amine that is involved in inflammation and allergic responses, gastric acid secretion, neurotransmission and cell proliferation. It is synthesized by histidine decarboxylase (HDC, EC.4.1. 1.22) . Mammalian histidine decarboxylase is a pyridoxal 5-phosphate (PLP)-dependent protein. The enzyme from fetal rat liver was first purified to homogeneity in 1984 and its encoding cDNA was isolated from mammalian tissues in 1990 [1, 2] .
Mammalian HDCs are not homologous to mammalian ornithine decarboxylases (ODC) [3] ; the latter appear to have evolved from a common precursor to bacterial alanine racemase [4] . However, we have previously reported common protein motifs for mammalian ODC and HDC, some of which play a similar role in l-amino acid decarboxylation [5] . One of those common motifs is the presence of PEST regions in mammalian HDC (and in the homologous mammalian l-aromatic amino acid decarboxylase or DDC, EC 4.1.1.28) [6] , as described for mammalian ODC [7] . PEST regions are absent from both longlived ODCs, such as that of Trypanosoma brucei, and bacterial HDCs. PEST regions are hydrophilic sequences (between positively charged residues) enriched in proline, serine/ threonine and aspartic acid/glutamic acid that tend to occur near to the N or C termini of enzymes [7] . Mammalian (human, rat and mouse) HDCs have one PEST region in the N-terminus (around residues 40±70) and at least one more in the region after residue 500, the region with no counterpart in bacterial HDC or in DDC [5, 6] .
The 74 kDa primary translation product of rat HDC must be processed to render the fully active mature monomer. According to studies carried out in vivo in the rat basophilic RBL-2H3 cell line, the C-terminal region of rat HDC that contains two PEST regions should be cleaved off during post-translational processing to produce a 53-kDa form [8] .
In mammals, the active enzymes ODC and HDC are described as being very unstable and minority homodimeric proteins. Mammalian HDC protein or mRNA has been isolated mainly from proliferating cells; in several proliferating models, both induction and decay of ODC and HDC activities occur simultaneously in response to growth stimuli [9±11] . Based on these data, it is hypothesized that the turnover mechanisms of ODC and HDC have much in common.
We report the proteolytic degradation of rat 1±512 HDC, an active form similar in size to the mature 53-kDa form described previously [1, 8] , in an in vitro system that is enriched in proteasome 26S and used extensively for degradation studies of ODC and other proteins [12±18] . A comparison with ODC degradation was carried out to test the hypothesis that there are common patterns in ODC and HDC turnover. We also studied the role of PEST regions in HDC turnover, by in vitro proteolytic degradation of a complete 1±656 version of rat HDC, and a deletion mutant (69±512 HDC) lacking N-and C-terminal PEST regions.
M A T E R I A L S A N D M E T H O D S

In vitro expression of recombinant constructions and activity determinations
Recombinant plasmids capable of expressing the 1±512 and 69±512 rat HDC versions in vitro were obtained as described previously [5] . In brief, from the reported rat HDC cDNA sequence [2] , we designed two primers, one to introduce a unique NdeI site at the N-terminus, and the second to introduce q FEBS 2000 a stop codon at position 513 and a unique BamHI site. These primers were used in reverse transcription±PCR using mRNA from Wistar rat fetal liver at day 16 of gestation. The PCR product was ligated into a pGEM-T plasmid (Promega). A SacII±BamHI insert from the recombinant plasmid was subcloned into pBluescript KS-II (Stratagene), and this new recombinant plasmid (prHDC 1±512) was used in the transcription and translation experiments. prHDC 1±512 was digested with KpnI and BamHI; the new insert was purified and ligated to BamHI digested pBluescript KS-II. The linear construction was blunt-ended by Klenow treatment and circularized by T4 ligase, giving rise to a recombinant plasmid capable of expressing in vitro a truncated 69±512 version of rat HDC. A 69±481 version of HDC was also generated by PCR, introducing a stop codon at position 482. The full 1±656 rat HDC encoding sequence was obtained after digestion of the prHDC 1±512 [5] and clone 2.3, described by Joseph et al. [2] , with BstBI and HindIII. The prHDC 1±512 digestion product was ligated to the purified fragment of the insert obtained from clone 2.3. A recombinant plasmid capable of expressing rat ODC in vitro was constructed as described elsewhere [18] . The sequences of the recombinant plasmids were confirmed.
All of these recombinant constructs were expressed in vitro (for 90 min) by using the TnT expression system (Promega), according to the manufacturer's instructions. These experiments were carried out with 0.5 mg of recombinant DNA in a final volume of 25 mL.
In vitro degradation experiments
Fresh in vitro expressed products (1.7±2 mL) were diluted to 100 mL with 40 mm Tris/HCl buffer, pH 7.5, also containing 5 mm MgCl 2 , 2 mm dithiothreitol, 0.1 mm cycloheximide, 25 mL of a haemin-deficient reticulocyte lysate [12] , and 0.5 mm ATP, 10 mm phosphocreatine plus 5 mg of creatine kinase, as an ATP-regenerating system. For experiments in absence of ATP, the ATP-regenerating system was omitted (the use of an ATP-consuming system was not necessary under the conditions used). Reactions were performed at 30 8C and after various incubation times aliquots were removed and the reaction stopped by the addition of SDS/PAGE sample buffer. SDS/PAGE and fluorography (Amplify, Amersham) were carried out as described previously [19] . Dried gels were exposed to a Fujix Bas cassette 2040, and signals detected and quantified in a Fujix Bas 2000 system (Fuji, Japan). Alterations to this general protocol are mentioned in the text. Degradations in the presence and absence of ATP, 10 or 100 ng antizyme, 50 mm MG-132, or 50 mm lactacystin were always carried out in parallel. Recombinant antizyme was obtained and purified as described previously [17] ; briefly, the antizyme cDNA containing a deletion of T205 was inserted into a pQE-30 plasmid, the protein was expressed in Escherichia coli and purified to homogeneity by immobilized metal affinity chromatography.
R E S U L T S A N D D I S C U S S I O N
Comparison with proteolytic degradation of ODC
The primary translation product of mammalian ODC does not undergo significant post-translational modification to produce the mature subunit of 51±53 kDa. In contrast, the primary translation product (74 kDa) of rat HDC must be processed to render the mature subunit, of 53±55 kDa. It has been proposed that the 74-kDa form is converted to the 53-kDa mature form by proteolysis of the C-terminus around residue 500, and that this process takes place in the lumen of the endoplasmic reticulum [8, 20] .
Although mammalian HDC and ODC are not homologous proteins, both are homodimeric, PLP-dependent enzymes, both are quickly induced in response to growth stimuli, and both are highly unstable, short-lived proteins [9±11,14] . ODC degradation occurs according to a unique mechanism, involving antizyme-dependent, ubiquitin-independent proteolysis by proteasome 26S [21] .
We have previously described the cloning of the fragment encoding amino acids 1±512 of HDC from fetal rat liver by reverse transcription±PCR [5] . This fragment can be efficiently transcribed and translated in vitro, yielding a fully active 57.5 kDa polypeptide, similar in size to that described for the mature subunit of rat HDC.
To compare patterns of proteolytic degradation of ODC and HDC, parallel experiments were carried out generating both peptides by in vitro transcription and translation; the translation products were then used in degradation experiments in the presence of reticulocyte lysate. Figure 1A ,B shows that the degradation profiles of ODC and HDC in the presence of an ATP regenerating system, but in the absence of antizyme, are very similar. Figure 1C shows that there is much less degradation of 1±512 HDC in the absence of ATP. Thus, it appears that the degradation of 1±512 HDC is mainly an ATP-dependent process.
Most of the short-lived proteins degraded by an ATPdependent system are previously conjugated with ubiquitin. ODC is an exception to this rule, as its degradation depends on binding to antizyme. The C-terminal part of antizyme binds to the ODC monomer involving at least the ODC fragment 117±140 [22] . There is no fragment in rat HDC primary sequence showing a significant degree of homology to the mouse ODC fragment 117±140. Nevertheless, we could not rule out a priori that the orientation of essential residues for ligand-antizyme binding were obtained from other primary sequence(s). It is well known that the degradation rate of mammalian ODC in vitro can be increased by supplementing the reticulocyte extract with an excess of exogenous ODC Fig. 1 . Comparison of the patterns of in vitro degradation of rat ODC and 1±512 HDC. Proteins produced in vitro by using the TnT system were submitted to degradation by a reticulocyte lysate in the presence (A,B) or absence (C) of ATP and an ATP regenerating system. Each degradation was performed at least three times and representative results are shown. Secondary bands could be the result of internal initiation of translation.
antizyme [21] . In fact, when in vitro degradation experiments were carried out in the presence of 10 ng recombinant antizyme, the rat ODC degradation rate was highly increased (see Fig. 2 ). However, degradation of the 1±512 HDC polypeptide remained unaffected by the presence of 10, or even 100 ng of antizyme ( Fig. 2 and Table 1 ).
Compounds have been described that reduce degradation of ubiquitinated proteins (MG-132) or the proteolysis carried out by proteasome 26S (lactacystine). The effect of MG-132 on the in vitro degradation of the 1±512 rHDC polypeptide is presented in Fig. 3 . After 1 h incubation in the presence of 50 mm MG-132 the proteolytic degradation of the 57.5 kDa protein band was inhibited by 50^19%. Lactacystine had a similar effect (data not shown). Thus, these results are in agreement with degradation of the 1±512 version of rat HDC in proteasome 26S by an ATP-and ubiquitindependent mechanism.
The role of PEST regions in the proteolytic degradation of rat HDC PEST regions can act as constitutive or conditional signals providing mechanisms for intracellular degradation of key metabolic proteins [7] . The C-terminal PEST region of mammalian ODC behaves as a signal for ODC degradation by proteasome 26S [22, 23] . In fact, this region can confer a short half-life on the proteins to which it is experimentally appended, showing that PEST regions are transplantable proteolytic signals [7, 24, 25] .
1±512 HDC does not contain the two PEST regions present in the C terminus of the primary translation product, but it maintains the N-terminal PEST region. The 1±68 N-terminal PEST-containing region of rat HDC is not essential for maintaining HDC activity [5] , as is the case for the C-terminal PEST-containing region of ODC. Furthermore, this N-terminal part of the molecule does not have a well defined secondary structure, as does the C-terminal fragment of the mammalian ODC monomer. Recently, an unstable ODC protein (Crythidia fasciculata ODC) that has an N-terminal PEST region instead of a C-terminal one has been reported [26] . Thus, it is feasible that the N-terminal part of mammalian HDC has a role in regulating the turnover rate of mammalian HDC, in spite of the fact that this N-terminal PEST region has been ignored in previous reports on HDC proteolysis [8, 20] . On the other hand, the C-terminal PEST regions that appear to be lost during HDC maturation have been reported to drive the 74-kDa protein to an ATP-and ubiquitin-dependent degradation by proteasome 26S [8] .
To compare the roles of N-and C-terminal PEST regions of HDC in its turnover, 1±656, 1±512, and 69±512 HDC versions were efficiently transcribed and translated in vitro and the translation products were used in degradation experiments in the presence or absence of ATP and an ATP-regenerating system. Figure 4 shows that both the complete 1±656 HDC (containing all the three PEST regions) and the deletion mutant 69±512 HDC (without the PEST regions) are very unstable, but their degradation occurs mainly in an ATP-independent manner. This is in contrast with results obtained with the 1±512 HDC (containing only the N-terminal PEST region) which seems to be degraded mainly by an ATP-dependent mechanism (Fig. 1) . Table 2 shows quantitative data on the contribution of ATPdependent and ATP-independent degradation pathways to the proteolysis of the three forms of HDC tested. Part of the ATP-independent lability of 1±656 HDC is lost in 1±512 HDC. ATP-dependent degradation is lower than ATP-independent degradation in 1±656 HDC and the level of degradation increases slightly (although not significantly at P , 0.05) when both C-terminal PEST regions are removed. These data obtained in vitro contrast with the role claimed for the C-terminal PEST regions of HDC: to drive the 74 kDa form to degradation by the ubiquitin/ATP-dependent pathway in RBL-2H3 rat basophilic cells [8] . On the contrary, in our hands the ATP-dependent degradation of HDC is almost completely lost when the N-terminal PEST region is removed also. In fact, ATP-dependent degradation of 69±512 HDC, and that of a 69±481 HDC version that we also produced and tested, is very low, accounting for less than 20% of total protein degradation after 2 h (Table 2 and data not shown). Furthermore, 69±512 HDC (and 69±481 HDC) are degraded by ATP-independent mechanisms at levels similar to that exhibited by the complete 1±656 HDC, even though no PEST region is present in the deletion mutants.
The data presented here are in good agreement with our recently published work showing that the C-terminal PEST containing region of ODC, essential for its proteolysis by proteasome 26S, cannot be substituted by the C-terminal HDC containing two PEST regions [27] . Fig. 2 . In vitro degradation of rat ODC and 1±512 HDC in the presence of 10 ng purified recombinant antizyme. ODC (A) and 1±512 HDC (B) produced by using the TNT system were submitted to degradation by reticulocyte lysate in the absence (±ATZ) or presence (+ATZ) of 10 ng purified recombinant antizyme. Each degradation was repeated at least three times and representative results are shown. Table 1 . Degradation of 1±512 HDC in the absence or presence of antizyme. Data are means^SD for three different degradation experiments, given as a percentage of degradation of the in vitro translated protein in a degradation mixture containing an ATP regenerating system and in the absence or presence of 10 or 100 ng of recombinant antizyme. There are no significant differences among treatments. Our results seem to indicate that the N-terminal PEST region of HDC, but not the C-terminal ones, is involved in ATP-dependent degradation of both 1±656 and 1±512 HDCs. The C-terminal PEST regions of rat HDC do not appear have a role in HDC turnover. Very recently, Suzuki et al. [28] have shown that the C-terminal portion of mouse HDC contains a signal necessary for HDC to be targeted to the endoplasmic reticulum, where then translation product would undergo posttranslational processing.
In all of the forms of HDC tested here there is significant ATP-independent degradation of HDC. We are currently studying the nature of this poorly understood process.
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